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Abstract

Melanoma mortality particularly affects older patients, and age is a powerful independent
predictor of death. The pathogenic mutations and transcriptomic changes associated with

poor survival in aged patients are not known.

We analyzed 5 cohorts of metastatic (N=324, N=18, N=66) and primary melanomas (N=103,
N=30) to establish the effect of age on prognosis, identify age-specific driver genes and

transcriptomic changes linked to survival and immunotherapy response.

We identify the pathogenic mutations and transcriptomic changes associated with poor survival
by age, and show mutations in BRAF, NRAS, CDKN2A or IDHI identify metastatic and
primary melanoma aged patients with worse outcome. In contrast, activation of immune-
regulatory pathways is a hallmark of long-term survival. We tested if mutations in genes linked
to poor outcome are associated to immunotherapy responders, exploring combinations of age-
specific mutations in metastatic immune checkpoint inhibitor aged responders. Strikingly, aged
patients with BRAF, NRAS, CDKN2A or IDHI mutations and high tumor mutation burden
treated with immunotherapy have an improved median survival of 12 months. These data
highlight the molecular landscape of melanoma varies by age, and age stratification can refine
prognosis and therapy rationales. A set of mutations identifies patients at highest risk of death

who are likely immunotherapy responders.
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Introduction

The incidence and mortality of melanoma increases with age (Balch 2015; Green and
Olsen 2017; Hillen et al. 2018) and >80% of melanoma deaths affect patients older than 59
(Balch 2015; Tsai et al. 2010). Older patients more frequently present with thicker primary
tumors, and additional characteristics of poor prognosis: ulceration, elevated mitotic rate, and
early visceral metastasis (Balch 2015). However, even after taking the main prognostic factors
into account, there is a survival discrepancy between the elderly and young (Balch 2015;
Cavanaugh-Hussey et al. 2015), and age is the most important independent marker of adverse
outcome together with tumor thickness (Balch et al. 2013; Balch et al. 2001). The large
prevalence and mortality of disease affecting the aged population is not reflected in current
trials, and therefore identifying markers of prognosis and therapy response to stratify aged

patients, at higher risk of death, is paramount.

Older patients clearly stand to benefit from immunotherapy, and some reports suggest
aged patients may present better response rates to immune checkpoint inhibitors (ICI) than
younger patients (Joshi et al. 2018; Kugel et al. 2018; Perier-Muzet et al. 2018; Ribas and
Wolchok 2018; De Rosa et al. 2018; Schadendorf et al. 2018). ICI are currently being tested in
the adjuvant, early stages of disease (Eggermont et al. 2018b; Eggermont et al. 2018a), but
there are no validated rationales to stratify patients based on molecular evidence of risk of

progression or response to therapy.

Individual mutations and transcriptomic changes are poor predictors of survival and
therapy response (Akbani et al. 2015; Berger et al. 2012; Chen et al. 2016; Hodis et al. 2012;
Roh et al. 2017; Weinstein et al. 2014), but the impact of age-specific mutations on survival
and treatment has not been studied systematically previously. We hypothesized that poor

outcome of older patients with melanoma can be predicted from specific molecular changes,


https://doi.org/10.1101/2021.01.27.428444
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.27.428444; this version posted January 27, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Smith SP
and that age-specific molecular changes can be used to stratify patients for immunotherapy. In
this study we investigated the association between age, age-specific molecular changes and
survival in primary and metastatic melanoma. We tested if molecular markers linked to poor

outcome and age can identify patients who respond to ICI.
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Results

Old age is a primary determinant of outcome in malignant melanoma

We first explored the relationship between age and survival analysing data from the
Cancer Genome Atlas SKCM (cutaneous melanoma). For an initial assessment, we compared
metastatic melanoma patients by an age cutoff of >59 years old and <=55 years old, excluding
intermediate age groups (Figure 1A, Table 1A). In this metastatic population (n=324, median
follow-up 47.5 months, 137 patients deceased) age >59 was significantly associated with
poorer overall survival compared with age <=55 (p<0.0001, median survival 62 vs 144
months). Multivariate stepwise regression (Table 1B) showed that age was the most significant
determinant of outcome (p=0.001) followed by stage at diagnosis (p=0.025). To confirming
that age specifically affects the course of melanoma we investigated the impact of age on
progression free survival (PFS, Figure 1B) and found a similar effect (p=0.013, 48 vs 143
months median survival). To confirm the relationship between age and survival is not limited
to a single age cutoff, we confirmed our survival results using all age cutoff for ages 50-70,

using the entire population, obtaining similar significance.

Genomic markers of poor outcome in metastatic melanoma of older patients

Older patients carry a significantly higher tumour mutation burden (TMB) than younger
patients (median 335 old, 274 young, p<0.0001), and previous work reports a survival benefit
in melanoma patients with high TMB(Gupta et al. 2015; Trucco et al. 2018). However, we
found TMB was not significantly associated with survival after multivariate regression, or
when analyzed as a continuous variable in multivariate regression (logarithmic or unchanged,
Table 1B, Supplementary methods). Only when TMB was considered as a binary variable (high

or low defined by a cut-off of 130 mutations), did we find an association with improved
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survival (Gupta et al. 2015). This finding remained true for PFS and for all age cutoffs in the

range of 50-70.

We explored the distinct molecular characteristics of older age melanoma (>59).
Mutational signature decomposition demonstrated that the mutations in all ages were
overwhelmingly consistent with ultraviolet radiation (UVR)-mediated DNA damage
(Supplementary Figure 1A, 1B) as expected. We identified areas of hypermutation, where
multiple consecutive mutations occur in short stretches of the genome, more frequently in older
patients (Figure 2A), indicating that elderly patients accumulate more mutations overall and in
specific genomic regions that are more susceptible to UVR-induced damage. Furthermore, the
genes affected by mutations in these regions were more numerous and varied than in younger

patients (Supplementary Figure 2).

To identify the mutational drivers associated with older age melanoma, we used the
oncodriveCLUST algorithm (Tamborero et al. 2013) which accounts for background mutation
density and gene length to identify key “driver” mutations (Figure 2B). We identified 18 driver
genes in aged samples and 11 drivers in young patients (Supplementary Figure 3), and only
BRAF and NRAS were found in both groups. Surprisingly, mutations in any of the 18 putative
driver genes of older melanoma were significantly associated with poor prognosis (p= 0.013,
Supplementary Figure 4).

We next studied the transcriptional profile of old age cutaneous melanomas by survival.
For this, we first compared the differentially enriched pathways in long-term survivors (=2000
days) to short-term survivors (<2000 days) in metastatic melanomas, and then performed
unbiased gene set enrichment analysis (GSEA (Subramanian et al. 2005)). A total of 870 genes
were significantly differentially expressed (FDR ¢<0.1) between groups, with 297
genes expressed higher in long-term survivors and 573 genes higher in short-term survivors.

Remarkably, genes expressed in long-term survivors were enriched with genes from many
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immune related pathways involved in cancer control and immunotherapy response (Figure 3A).
We found activation of interferons and cytokine signaling pathways, and PD-1 signaling genes,
including eight HLA gene and the antigen presentation genes TAP1, and B2M. Additionally,
long-term survivors had a significantly higher CD8 T cell score than the short-term survivors
(p = 0.048, Figure 3B)).

Short-term survival genes were enriched for several metabolism pathways, enriched
for the electron transport chain and oxidative phosphorylation pathways, with genes
encoding the subunits for cytochrome c oxidase, NADH:ubiquinone oxidoreductase, and
ubiquinol-cytochrome c reductase complexes. Transport of small molecules pathway was also
significantly enriched with 21 solute carrier family genes (Figure 3A).

We next validated the transcriptional profile associated to improved survival in old age
in microarray data of an independent cohort of 66 metastatic melanoma samples of patients
>59(Cirenajwis et al. 2017). As before, we compared the differentially enriched pathways in
long-term survivors (=2000 days) to short-term survivors (<2000 days) and confirmed genes
expressed in long-term survivors were enriched for immune related pathways involved in
cancer control and immunotherapy response (Figure 3C). Furthermore, we confirmed long-
term survivors had higher CD8 T cell scores and cytotoxic lymphocyte score than the short-

term survivors (p = 0.03, p =0.0001; Fig 3D, 3E).

Genomic markers can be used to predict survival in primary melanoma

A key clinical need is to stratify patients for risk of death as early as possible in their
clinical journey. The widespread increase and accessibility to DNA sequencing in routine
pathology services for multiple cancers prompted us to test if any of the predicted oncogenes
we discovered linked to poor outcome in metastatic melanomas of the TCGA could be easily

used in primary melanoma as a biomarker for older patient outcome. We selected a core set of
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four well-characterized, key melanoma oncogenes (BRAF, NRAS, IDH1 and CDKN2A) from
the 18 driver genes associated to poor outcome in the aged metastatic cohort because they are
routinely sequenced in current cancer sequencing panels. The TCGA primary melanoma cohort
includes primarily highly aggressive, thick, ulcerated primary tumors; with short follow-up
(Supplementary Table S1), so we tested if mutations in BRAF, NRAS, IDH1 and CDKN2A
can predict outcome of aged primary melanoma patients in two separate and independent
cohorts (Table 1A). We confirmed that DNA mutations in one or more of the 4 genes (BRAF,
NRAS, IDH1 and CDKN2A) significantly and powerfully predicted poor disease-specific
outcomes in patients aged >59 with primary melanoma (Figure 4), and confirmed the predictive
power of mutations in these 4 genes in the other age cutoffs remains significant. Importantly,
the mutation frequency of these 4 genes rises with age, so it is in the older population where it
has the strongest predictive power. In contrast, a set of alternative genes that can more

accurately predict outcome in younger patients (Supplementary Figure 4).

Genetic mutations and tumor mutation burden in aged patients identifies responders to

immunotherapy

Prediction of response to ICI for high-risk, early and late stage melanoma is a pressing
clinical requirement and to date there are no reliable pre-treatment genomic biomarkers to
select patients at highest risk of death and a higher likelihood of response. Recent evidence
shows a higher TMB leads to a greater likelihood of neo-antigen-driven response in the
melanoma population not selected for age (Goodman et al. 2017; Johnson et al. 2016a; Liu et
al. 2019; McGranahan et al. 2016; Rizvi et al. 2015; Snyder et al. 2014); and additionally, the
presence of two of our core signature genes NRAS (Johnson et al. 2015) and CDKN2A
mutations (Helgadottir et al. 2018) in metastatic melanoma identify subgroups of patients with

improved rates of immunotherapy response. Previous studies have shown a link between TMB


https://doi.org/10.1101/2021.01.27.428444
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.27.428444; this version posted January 27, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Smith SP
and immunotherapy response (Gibney et al. 2016; Johnson et al. 2016b; Liu et al. 2019; Roszik
et al. 2016), however data from the large-scale MSK-IMPACT study has demonstrated that
although TMB is a predictor of survival in immunotherapy-treated patients across all cancer
types, it is not a powerful predictor of immunotherapy response in melanoma (Samstein et al.).
We reasoned that although genetic damage alone is a limited approach to stratify patients, age
and TMB are significantly correlated (Supplementary Figure 5), and combining genetic
markers linked to outcome by age with TMB could improve our current approach to
stratification. To test this hypothesis, we investigated the relationship between age, TMB,
response to immunotherapy and the presence of mutations in BRAF, NRAS, IDHI or

CDKNZ2A, which strongly predict survival.

We found that independently, the mutations in the four-genes and the TMB did not
predict response; but when combined, powerfully identified responders to ICI in the older
population (Figure 5). The median survival difference between older, mutation-positive and
mutation-negative patients with high TMB was approximately 12 months, and the difference
between mutation-positive, high TMB and low TMB patients was 10 months (Figure 5A, 5B,
5C). To test this association is specific to the older population, we tested our approach in young
patients, and found neither TMB nor mutations alone or in combination identified
immunotherapy responders (Figure 5D). Finally, we found no differences in expression of the
previously described interferon pathway expression signature of ICI response (Ayers et al.
2017) between patients with mutations in the 4 genes and mutation-negative patients (p > 0.4),

or with age (12 =0.03,p > 0.6).
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Discussion

The clinical and health economic need for simple, reliable tests to identify patients with
melanoma whose trajectory is likely to be worse, and those who are most likely to respond to
ICI therapies is clear. Untreated older melanoma patients have a significantly worse outcome,
and the vast genomic differences that we show here following age-specific dissection of
molecular data, supports the view that melanoma in elderly patients comprises a distinct group.
Older patients respond to ICI (Joshi et al. 2018; Kugel et al. 2018; Perier-Muzet et al. 2018;
De Rosa et al. 2018), and importantly, there are tumour immune-state response predictors
(Balachandran et al. 2017; Chowell et al. 2018; McGranahan et al. 2016; Rooney et al. 2015;
Topalian et al. 2012) of poor outcome that are more prevalent in the young (Kugel et al. 2018).
High levels of accrued DNA damage, an established biomarker of ICI response in other cancer

types(Samstein et al.), is highly present in aged melanomas.

Our work defines the molecular changes that identify aged patients at highest risk of
death. We show there is an age-specific mutational landscape of oncogenic drivers that predict
a worse outcome in both early and late-stage melanomas. Moreover, we describe the
transcriptomic features that exist in untreated, metastatic samples that are linked to survival,
finding a highly significant up-regulation of immune related pathways and CD8 T cells in long
term aged survivors. Intriguingly, previous studies investigating the transcriptome in ICI
metastatic melanoma responders prior to therapy identify the upregulation of immune
pathways, in common with our study, as predictive of improved outcome. Both studies show
the immune features of the tumour are critical for disease control, either to prolong survival
without therapy, or to enable response to ICI. Finally, we show a simple set of mutated genes
in aged metastatic melanomas, combined with TMB, discerns patients with a 12-month median

longer response to ICI.
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This study is limited by being retrospective in nature but strengthened by using
prospectively collected “real-world” data. The five cohorts investigated differ in the proportion
of patients at different stage of disease and in the methodology used to identify mutations and
transcriptomic changes. This makes comparison between them challenging, but despite these
limitations the robustness of the findings is encouraging — as is the fact that the data required
to test the applicability of the 4 mutated genes were available from patients seen in routine

clinical practice, in separate countries.

Differentiating between groups based on a continuous variable such as age is
challenging, and we chose to use an arbitrary pair of limits to define “old” and “young”
patients. We have explored varying these cutoffs across a wide range, as well as including all
patients. The results remain consistent with those changes, and further prospective studies
should address the most useful, robust cutoff considering disease prevalence by age and
mutation prevalence in larger cohorts. Additional studies could also address the specific
mutations that confer the most risk, to develop a simple set of predictive markers that can be

applied routinely in clinic.

The genetic predictors of decreased survival in old age melanoma additionally identify
the subset of metastatic patients who will derive the most benefit from checkpoint inhibitors.
Mutations in the 4 genes (BRAF, NRAS,IDHI1 or CDKN2A) represent a robust, simple set of
analyses that can be easily incorporated into clinical practice to identify aged patients at genetic
high risk of melanoma progression, and when combined with TMB, can identify the patients
who are most likely to respond to immunotherapy. Given the cost and toxicities of ICI, this
study provides a biomarker that can stratify patients, predict response and support therapy
decisions. This study addresses an area of high unmet clinical need in a group of patients who

stand to derive significant benefit from its findings.
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Methods

Cohorts: The exploratory analysis of age and genetic changes was undertaken in the TCGA
dataset for metastatic patients age >59 vs <=55(Akbani et al. 2015; Weinstein et al. 2014)

and (https://www .cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga).

Primary melanomas >59yo were from A cohort (n=109 patients) and B cohort (n=30 patients,
Table 1, Supplementary Table S1). The effect of mutations and tumor mutation burden in
immunotherapy-treated patients was investigated in the MSK-IMPACT study (n=181

patients >59yo (Samstein et al.)).

The experimental age cut-offs age >59 or <=55 were decided a priori to obtain more clear-cut
young and old age categories. To ensure this did not introduce bias we then analysed the data
using a simple <59 vs >60 cut-off and a wide interval of <50 vs >70. To validate the findings
we studied clinical and sequencing data collected in cohort A: La Timone University Hospital,
(Aix Marseillle, France) and cohort B: Instituto Valenciano de Oncologia (Valencia, Spain)
(Gaudy-Marqueste et al. 2014). Relevant institutional review boards and ethics committees at
both institutions in both countries approved molecular research and all human participants gave
written informed consent. The primary cohorts are prospectively collected and unselected
(supplemental table S1), subjected to targeted deep sequencing at a depth of x100 of 40
melanoma genes. The sequencing panel includes genes mutated in >10% of TCGA samples or
mutated in less than <10% of samples but known cancer drivers. The 4-gene signature is
significantly less frequent in the primary cohorts (p=0.0008 B cohort, p=0.048 A cohort) than
in the metastatic melanoma TCGA cohort, as you would expect for unselected populations of
primary melanoma that, in contrast to metastatic TCGA samples, are not enriched for samples
with poor prognosis. However, the proportions are not significantly different between any of

the primary cohorts (p>0.1 in all comparisons).
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Statistics: Regression modelling of survival in the metastatic melanoma (TCGA) cohort was
conducted using Cox proportional hazards modelling in R implemented in the Survival
package. We included age, sex, patient weight, Breslow tumour thickness of original primary
tumour and somatic variant count. To derive the minimum model, we excluded the least
statistically significant variable at each step until all variables were significant (p<0.05)
(supplemental table S2). To explore the effects of variant count in the model we ran the above
sequence initially with variants as a log continuous variable, and then as a binary (high/low)
variable with a series of cut-off values (25, 50, 100, 110, 150, 150, 500). Of these only 100 and
110 showed a significant impact in the final model and both were less significant than age in

those cases.

We analysed the mutation data using the oncodriveCLUST algorithm (Tamborero et al. 2013)
as implemented in the maftools package in R to discover key driver mutations.
OncodriveCLUST considers the background mutation rate, gene length and the clustering
characteristics of mutations identified in order to derive a confidence value for labelling a gene

as a driver as opposed to a passenger.

Gene expression: For the TCGA data, differential gene expression analysis was performed
using the DESeq2 (version .28.1) (Love et al. 2014) package in R (version 4.0.0, RStudio
v1.2.5003, RStudio Inc). RNA-seq count data for the TCGA SKCM cohort was acquired using
the TCGABiolinks package (version 2.16.0 (Colaprico et al. 2015)). The count dataset was
filtered to remove genes with less than 1000 counts across all samples. Differential expression
analysis was run between long and short-term survivors in the aged (>59 years) metastatic
cohort. Long-term survivors were defined as patients with overall survival time 2000 days or
greater, compared to patients who died <2000 days. For pathway enrichment analysis genes

that were significantly differentially expressed (FDR p-value < 0.1) were compared against the

13
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Reactome Database (Jassal et al. 2020) using the Molecular Signatures Database v7.0 (Msigdb,

Broad Institute, https://www.gsea-msigdb.org/gsea/msigdb/index .jsp).

The Lund expression data (Gene Expression Omnibus GSE65904) of 214
melanomas(Cirenajwis et al. 2017), includes 66 metastatic patients with long term survival
data. We tested the differential expression between aged long and short-term survivors (Limma
package (version 3.44.1) in R). MCPCounter package generated cell population scores (Ritchie
et al. 2015). Cell population scores were generated using the MCPCounter R package (version
1.2.0 (Becht et al. 2016)) in the TCGA SKCM RSEM normalised RNA-seq expression data.
CDS8 T cell scores were compared between long and short-term aged metastases using Mann-

Whitney in GraphPad Prism (version 7.01).

Response to Immunotherapy: Data from MSK-IMPACT (Samstein et al.) was downloaded
from cBioPortal (http://www .cbioportal.org/study/summary?id=msk_impact_2017) and
reanalyzed (Zehir et al. 2017). To determine high vs low TMB we investigated the centile
groupings within the melanoma group and used the third decile (i.e. those in the highest 30%
TMB) as high. As did the original MSK-IMPACT, we tested all deciles (Samstein et al.). 30%
was the inflection point at which the response curve separation began to accelerate. Any cutoff
from 30% to 10% results in significance (with increasing magnitude as the cutoff becomes
more stringent) — we chose a cutoff at 30% to include as many patients as possible.

Data availability: Anonymized data are available without restriction. The analytical code is

available from the authors without restriction.

14


https://doi.org/10.1101/2021.01.27.428444
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.27.428444; this version posted January 27, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Smith SP

Competing interests

AV was an expert consultant for Pfizer 2016-2017. RM is an expert consultant (non-
remunerated) for Pfizer. Patent number PCT/GB2020/050860 pertaining to the results

presented in the paper has been filed with SS and AV as inventors.

Acknowledgments

AV is a Wellcome Beit Fellow and personally funded by a Wellcome Trust Intermediate
Fellowship (110078/Z/15/Z), Cancer Research UK (A27412), Leo Pharma Gold Award and
Royal Society (RGS\R1\201222). SPS is funded by the Medical Research Council UK
(MR/R0O01146/1). EN is funded by Fondo de Investigaciéon en Salud (FIS) PI15/01860,
Instituto Carlos III, Spain. RK is funded by TRANSCAN (01KT15511), German Ministry of
Education and Research (BMBF) and DKFZ. RM is funded by Cancer Research UK (A27412)
and Wellcome Trust (100282/Z2/12/Z). CG-M is funded by the French Dermatology Society,
College des Enseignants en Dermatologie de France (CEDEF) and UNICANCER France.

We acknowledge the generous contribution of APHM Biobank (France) and IVO Biobank
(Spain). Bioresources were provided by the Biological Resources Centre of the Assistance
Publique Hopitaux de Marseille, (CRB AP-HM, certified NF S96-900 & ISO 9001 v2015),
from the CRB-TBM component (BB-0033-00097), and from the Biobank of the Instituto

Valenciano de Oncologia, Valencia, Spain.

15


https://doi.org/10.1101/2021.01.27.428444
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.27.428444; this version posted January 27, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Smith SP

References

Akbani R, Akdemir KC, Aksoy BA, Albert M, Ally A, Amin SB, et al. Genomic
Classification of Cutaneous Melanoma. Cell. 2015;161(7):1681-96 Available from:
http://www .ncbi.nlm.nih.gov/pubmed/26091043

Ayers M, Ribas A, Mcclanahan TK, Ayers M, Lunceford J, Nebozhyn M, et al. IFN- g —
related mRNA profile predicts clinical response to PD-1 blockade Find the latest version :
IFN- v —related mRNA profile predicts clinical response to PD-1 blockade.
2017;127(8):2930—40

Balachandran VP, Luksza M, Zhao JN, Makarov V, Moral JA, Remark R, et al. Identification
of unique neoantigen qualities in long-term survivors of pancreatic cancer. Nature. Nature
Publishing Group; 2017;551(7681):512 Available from:

http://www nature.com/doifinder/10.1038/nature24462

Balch CM. Decreased Survival Rates of Older-Aged Patients with Melanoma: Biological
Differences or Undertreatment? Ann. Surg. Oncol. 2015;22(7):2101-3 Available from:
http://www .ncbi.nlm.nih.gov/pubmed/25840561

Balch CM, Soong S, Gershenwald JE, Thompson JF, Coit DG, Atkins MB, et al. Age as a
Prognostic Factor in Patients with Localized Melanoma and Regional Metastases. Ann. Surg.
Oncol. 2013;20(12):3961-8 Available from: http://www .ncbi.nlm.nih.gov/pubmed/23838920

Balch CM, Soong SJ, Gershenwald JE, Thompson JF, Reintgen DS, Cascinelli N, et al.
Prognostic factors analysis of 17,600 melanoma patients: validation of the American Joint
Committee on Cancer melanoma staging system. J. Clin. Oncol. 2001;19(16):3622-34
Available from: http://ascopubs.org/doi/10.1200/JC0.2001.19.16.3622

Becht E, Giraldo NA, Lacroix L, Buttard B, Elarouci N, Petitprez F, et al. Estimating the
population abundance of tissue-infiltrating immune and stromal cell populations using gene
expression. Genome Biol. BioMed Central Ltd.; 2016;17(1):218 Available from:
http://genomebiology.biomedcentral.com/articles/10.1186/s13059-016-1070-5

Berger MF, Hodis E, Heffernan TP, Deribe YL, Lawrence MS, Protopopov A, et al.
Melanoma genome sequencing reveals frequent PREX2 mutations. Nature.
2012;485(7399):502—6 Available from: http://www .ncbi.nlm.nih.gov/pubmed/22622578

Cavanaugh-Hussey MW, Mu EW, Kang S, Balch CM, Wang T. Older Age is Associated
with a Higher Incidence of Melanoma Death but a Lower Incidence of Sentinel Lymph Node
Metastasis in the SEER Databases (2003-2011). Ann. Surg. Oncol. 2015;22(7):2120-6
Available from: http://www .ncbi.nlm.nih.gov/pubmed/25940571

Chen PL, Roh W, Reuben A, Cooper ZA, Spencer CN, Prieto PA, et al. Analysis of immune
signatures in longitudinal tumor samples yields insight into biomarkers of response and
mechanisms of resistance to immune checkpoint blockade. Cancer Discov. 2016;6(8):827-37

Chowell D, Morris LGT, Grigg CM, Weber JK, Samstein RM, Makarov V, et al. Patient
HLA class I genotype influences cancer response to checkpoint blockade immunotherapy.
Science (80-.).2018;359(6375):582—7 Available from:

http://www .ncbi.nlm.nih.gov/pubmed/29217585

Cirenajwis H, Lauss M, Ekedahl H, Torngren T, Kvist A, Saal LH, et al. NF1-mutated
melanoma tumors harbor distinct clinical and biological characteristics. Mol. Oncol.
2017;11(4):438-51

Colaprico A, Silva TC, Olsen C, Garofano L, Cava C, Garolini D, et al. TCGAbiolinks: an

16


https://doi.org/10.1101/2021.01.27.428444
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.27.428444; this version posted January 27, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Smith SP

R/Bioconductor package for integrative analysis of TCGA data. Nucleic Acids Res.
2015;44(8):71 Available from: https://academic.oup.com/nar/article-
abstract/44/8/e71/2465925

Eggermont AMM, Blank CU, Mandala M, Long G V., Atkinson V, Dalle S, et al. Adjuvant
Pembrolizumab versus Placebo in Resected Stage III Melanoma. N. Engl. J. Med.
20182a;378(19):1789-801 Available from: http://www .ncbi.nlm.nih.gov/pubmed/29658430

Eggermont AMM, Robert C, Ribas A. The new era of adjuvant therapies for melanoma. Nat.
Rev. Clin. Oncol. 2018b;15(9):535-6 Available from:
http://www .ncbi.nlm.nih.gov/pubmed/29849093

Gaudy-Marqueste C, Archier E, Grob A, Durieux O, Loundou A, Richard MA, et al. Initial
metastatic kinetics is the best prognostic indicator in stage IV metastatic melanoma. Eur. J.
Cancer. 2014;50(6):1120-4

Gibney GT, Weiner LM, Atkins MB. Predictive biomarkers for checkpoint inhibitor-based
immunotherapy. Lancet Oncol. Elsevier Ltd; 2016;17(12):e542--e551

Goodman AM, Kato S, Bazhenova L, Patel SP, Frampton GM, Miller V, et al. Tumor
Mutational Burden as an Independent Predictor of Response to Immunotherapy in Diverse
Cancers. Mol. Cancer Ther. American Association for Cancer Research; 2017;16(11):2598—
608

Green AC, Olsen CM. Cutaneous squamous cell carcinoma: an epidemiological review. Br. J.
Dermatol. 2017;177(2):373—-81 Available from:
http://www .ncbi.nlm.nih.gov/pubmed/28211039

Gupta S, Artomov M, Goggins W, Daly M, Tsao H. Gender Disparity and Mutation Burden
in Metastatic Melanoma. J. Natl. Cancer Inst. 2015;107(11):djv221 Available from:
http://www .ncbi.nlm.nih.gov/pubmed/26296643

Helgadottir H, Ghiorzo P, van Doorn R, Puig S, Levin M, Kefford R, et al. Efficacy of novel
immunotherapy regimens in patients with metastatic melanoma with germline CDKN2A
mutations. J. Med. Genet. BMJ Publishing Group Ltd; 2018;jmedgenet--2018--105610

Hillen U, Leiter U, Haase S, Kaufmann R, Becker J, Gutzmer R, et al. Advanced cutaneous
squamous cell carcinoma: A retrospective analysis of patient profiles and treatment
patterns— Results of a non-interventional study of the DeCOG. Eur. J. Cancer. 2018;96:34—
43 Available from: http://www .ncbi.nlm.nih.gov/pubmed/29665511

Hodis E, Watson IR, Kryukov G V, Arold ST, Imielinski M, Theurillat JP, et al. A landscape
of driver mutations in melanoma. Cell. 2012;150(2):251-63 Available from:
http://www .ncbi.nlm.nih.gov/pubmed/22817889

Jassal B, Matthews L, Viteri G, Gong C, Lorente P, Fabregat A, et al. The reactome pathway
knowledgebase. Nucleic Acids Res. 2020;48(D1):D498-503

Johnson DB, Frampton GM, Rioth MJ, Yusko E, Xu Y, Guo X, et al. Targeted Next
Generation Sequencing Identifies Markers of Response to PD-1 Blockade. Cancer Immunol.
Res. American Association for Cancer Research; 2016a;4(11):959-67 Available from:
http://www .ncbi.nlm.nih.gov/pubmed/27671167

Johnson DB, Frampton GM, Rioth MJ, Yusko E, Xu Y, Guo X, et al. Targeted Next
Generation Sequencing Identifies Markers of Response to PD-1 Blockade. Cancer Immunol.
Res. American Association for Cancer Research; 2016b;4(11):959—67 Available from:
http://cancerimmunolres.aacrjournals.org/content/4/11/959

17


https://doi.org/10.1101/2021.01.27.428444
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.27.428444; this version posted January 27, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Smith SP

Johnson DB, Lovly CM, Flavin M, Panageas KS, Ayers GD, Zhao Z, et al. Impact of NRAS
mutations for patients with advanced melanoma treated with immune therapies. Cancer
Immunol. Res. American Association for Cancer Research; 2015;3(3):288-95 Available
from: http://www .ncbi.nlm.nih.gov/pubmed/25736262

Joshi KP, Atwal D, Ravilla R, Tao J, Su J, Makhoul I, et al. Outcomes of immunotherapy in
advanced melanoma in relation to age. J. Clin. Oncol. American Society of Clinical
Oncology; 2018;36(5_suppl):187—187 Available from:
http://ascopubs.org/doi/10.1200/JC0O.2018.36.5_suppl.187

Kugel CH, Douglass SM, Webster MR, Kaur A, Liu Q, Yin X, et al. Age Correlates with
Response to Anti-PD1, Reflecting Age-Related Differences in Intratumoral Effector and

Regulatory T-Cell Populations. Clin. Cancer Res. 2018;24(21):5347-56 Available from:

http://www .ncbi.nlm.nih.gov/pubmed/29898988

Liu D, Schilling B, Liu D, Sucker A, Livingstone E, Jerby-Amon L, et al. Integrative
molecular and clinical modeling of clinical outcomes to PD1 blockade in patients with
metastatic melanoma. Nat. Med. 2019;25(12):1916-27 Available from:
https://doi.org/10.1038/s41591-019-0654-5

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-
seq data with DESeq2. Genome Biol. 2014;15(12):550

McGranahan N, Furness AJS, Rosenthal R, Ramskov S, Lyngaa R, Saini SK, et al. Clonal
neoantigens elicit T cell immunoreactivity and sensitivity to immune checkpoint blockade.
Science. American Association for the Advancement of Science; 2016;351(6280):1463-9

Available from: http://www .ncbi.nlm.nih.gov/pubmed/26940869

Perier-Muzet M, Gatt E, Péron J, Falandry C, Amini-Adlé M, Thomas L, et al. Association of
Immunotherapy With Overall Survival in Elderly Patients With Melanoma. JAMA
Dermatology. 2018;154(1):82 Available from:

http://www .ncbi.nlm.nih.gov/pubmed/29214290

Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade. Science.
American Association for the Advancement of Science; 2018;359(6382):1350-5 Available
from: http://www .ncbi.nlm.nih.gov/pubmed/29567705

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers differential
expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res.
2015;43(7):e47

Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al. Cancer
immunology. Mutational landscape determines sensitivity to PD-1 blockade in non-small cell
lung cancer. Science. American Association for the Advancement of Science;
2015;348(6230):124—8 Available from: http://www .ncbi.nlm.nih.gov/pubmed/25765070

Roh W, Chen P-L, Reuben A, Spencer CN, Prieto PA, Miller JP, et al. Integrated molecular
analysis of tumor biopsies on sequential CTLA-4 and PD-1 blockade reveals markers of
response and resistance. Sci. Transl. Med. 2017;9(379):eaah3560 Available from:
http://www .ncbi.nlm.nih.gov/pubmed/28251903

Rooney MS, Shukla SA, Wu CJ, Getz G, Hacohen N. Molecular and Genetic Properties of
Tumors Associated with Local Immune Cytolytic Activity. Cell. Cell Press; 2015;160(1—
2):48-61 Available from:

https://www .sciencedirect.com/science/article/pii/S0092867414016390?via%3Dihub

De Rosa F, Ridolfi L, Tanda ET, Marra E, Pigozzo J, Marconcini R, et al. Anti-PD1

18


https://doi.org/10.1101/2021.01.27.428444
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.27.428444; this version posted January 27, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Smith SP

antibodies in late elderly advanced melanoma patients: A retrospective multicentre study. J.
Clin. Oncol. American Society of Clinical Oncology; 2018;36(15_suppl):10038—10038
Available from: http://ascopubs.org/doi/10.1200/JC0O.2018.36.15_suppl.10038

Roszik J, Haydu LE, Hess KR, Oba J, Joon AY, Siroy AE, et al. Novel algorithmic approach
predicts tumor mutation load and correlates with immunotherapy clinical outcomes using a
defined gene mutation set. BMC Med. BMC Medicine; 2016;14(1):1-8 Available from:
http://dx.doi.org/10.1186/s12916-016-0705-4

Samstein RM, Lee C-H, Shoushtari AN, Hellmann MD, Shen R, Janjigian YY, et al. Tumor
mutational load predicts survival after immunotherapy across multiple cancer types. Nat.
Genet. Available from: https://doi.org/10.1038/s41588-018-0312-8

Schadendorf D, van Akkooi ACJ, Berking C, Griewank KG, Gutzmer R, Hauschild A, et al.
Melanoma. Lancet. 2018;392(10151):971-84 Available from:
http://www .ncbi.nlm.nih.gov/pubmed/30238891

Snyder A, Makarov V, Merghoub T, Yuan J, Zaretsky JM, Desrichard A, et al. Genetic Basis
for Clinical Response to CTLA-4 Blockade in Melanoma. N. Engl. J. Med. Massachusetts
Medical Society; 2014;371(23):2189-99 Available from:

http://www .nejm.org/doi/10.1056/NEJMoa1406498

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set
enrichment analysis: A knowledge-based approach for interpreting genome-wide expression
profiles. Proc. Natl. Acad. Sci. U. S. A. National Academy of Sciences;
2005;102(43):15545-50

Tamborero D, Gonzalez-Perez A, Lopez-Bigas N. OncodriveCLUST: exploiting the
positional clustering of somatic mutations to identify cancer genes. Bioinformatics.
2013;29(18):2238—44 Available from: http://www .ncbi.nlm.nih.gov/pubmed/23884480

Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, et al. Safety,
Activity, and Immune Correlates of Anti—-PD-1 Antibody in Cancer. N. Engl. J. Med.
Massachusetts Medical Society; 2012;366(26):2443-54 Available from:

http://www .nejm.org/doi/10.1056/NEJMoa1200690

Trucco LD, Mundra PA, Hogan K, Garcia-Martinez P, Viros A, Mandal AK, et al.
Ultraviolet radiation—induced DNA damage is prognostic for outcome in melanoma. Nat.
Med. 2018; Available from: http://www .ncbi.nlm.nih.gov/pubmed/30510256

Tsai S, Balch C, Lange J. Epidemiology and treatment of melanoma in elderly patients. Nat.
Rev. Clin. Oncol. 2010;7(3):148-52 Available from:
http://www .ncbi.nlm.nih.gov/pubmed/20142815

Weinstein JN, Collisson EA, Mills GB, Shaw KM, Ozenberger BA, Ellrott K, et al. The
Cancer Genome Atlas Pan-Cancer Analysis Project Molecular Profiling of Single Tumour
Types. 2014;45(10):1113-20

Zehir A, Benayed R, Shah RH, Syed A, Middha S, Kim HR, et al. Mutational landscape of
metastatic cancer revealed from prospective clinical sequencing of 10,000 patients. Nat. Med.
2017;23(6):703-13

19


https://doi.org/10.1101/2021.01.27.428444
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.27.428444; this version posted January 27, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Smith SP
Tables
Table 1
A
TCGA A (N=197) B (N=72) MSK-IMPACT
(N=324) (N=320)
Age at diagnosis — yrs 55.7+16.6 59.8+15.8 58.1+16.2 <30: 15 (4.7)
(MSK-IMPACT - grouped 31-50: 51 (15.9)
yrs — no. (%)) 50-60: 73 (22.8)
61-70: 85 (26.6)
>71: 96 (30)
Patients Age >59 — no. (%) 150 (46.3) 109 (55.3) 30 (41.7) 181 (56.6)
Male Sex —no. (%) 207 (63.4) 110 (55.8) 37(51.4) 200 (62.5)
Breslow — mm 34+45 3.6+4.7 31+3.6 NR
Mutations — median + sd 291.5+ 1100 NA 987.5 + 2223.6 10+249
- Elderly only — median + 3425 + 15549 920 + 1856.5 11+29.7
sd
4 gene signature — no. (%) 215 (66.4) 113 (57.4) 3244 .4) 206 (64.4)
- Elderly only — no. (%) 82 (54.7) 63 (57.8) 11 (36.7) 109 (60.2)
AJCC Stage — no (%) NR
0/1 83 (25.6) 65 (33) 35 (48.6)
2 64 (19.8) 80 (40.6) 10 (13.9)
3 129 (39.8) 49 (24.9) 27 (37.5)
4 16 (4.9) 3(.5)
B
Hazard Ratio 95% CI p-value
Age <55 yr 0.51 0.33-0.77 0.002
Stage IV 5.16 1.23-21.69 0.02
TMB (log continuous) 0.99 09-10 0.6
TMB (binary, < 130) 2.13 1.37-331 0.0007

Table 1. (A) Demographic, clinical and molecular characteristics of patients in the 4 tested
cohorts, and (B) Results of multivariate regression analysis of TCGA patient survival. Age,
Breslow = mean + sd. Exact ages and staging information not given in MSK-IMPACT.
Breslow thickness and stage not recorded in MSK-IMPACT. Mutation count: all mutations in
TCGA, non-synonymous variants from selected gene panel in MSK-IMPACT. NA: not

available.
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Figures
Figure 1
A: Overall Survival in Metastatic Melanoma by Age
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Figure 1. Overall and progression-free survival of patients with metastatic melanoma from
TCGA, stratified by age. All patients with metastatic melanoma in the TCGA SKCM cohort
were included and their survival probability calculated. Log-rank testing established a

significant overall (A) and progression free (B) survival advantage in the group of age <55.
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Figure 2. Mutational characterisation of metastatic melanoma (TCGA). (A) Top 2 panels show
rainfall plots of total mutations across the genome (x) by the distance from the previous
mutation (y) illustrating the greater density of mutations in the elderly (left panel). Black
arrows on the x axis indicate points of hypermutation. (B) Results of the oncodriveCLUST

algorithm, which identifies 18 driver genes in elderly melanoma, brackets indicate the cluster

of mutation for that gene.
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Figure 3 (A) Cell signaling pathways enriched in long-term (blue) or short-term (red) survivors
with metastatic melanoma from the TCGA cohort. (B) CD8 T-cell score derived from TCGA
bulk RNA sequencing in metastatic melanoma showing a significant (p < 0.05) difference
between long and short-term survivors in this cohort. (C) Cell signaling pathways enriched in
long-term (blue) survivors with metastatic melanoma from the Lund cohort. (D) CD8 T-cell
score and (E) cytotoxic lymphocyte score derived from Lund microarray data in metastatic
melanoma patients showing a significant (p < 0.05, <0.001) difference between long and short-

term survivors in this cohort.
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Figure 4

Overall survival in age >59 melanoma (France)
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Figure 4. Overall survival in melanoma patients of age >59 from independent cohorts (Top: A
cohort (France), Bottom: B cohort (Spain)) with primary melanomas. Both panels show the
significant survival difference between patients with or without mutations in the 4-gene core
driver set identified from TCGA data. Despite the different baseline characteristics of the

cohorts the gene mutation signature significantly predicts poor outcome in both cohorts.

24


https://doi.org/10.1101/2021.01.27.428444
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.27.428444; this version posted January 27, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Figure 5

Smith SP

Overall survival in IT-treated metastatic melanoma (MSK-IMPACT)
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Figure 5. Overall survival in immunotherapy treated metastatic melanoma from the MSK-

IMPACT study stratified by age and the 4 gene driver signature. Data from the MSK-IMPACT

study were re-analysed to calculate the survival probabilities in old or young patients with or

without the 4 gene driver mutation signature who show TMB higher or lower than median

level. The data show that in old (but not young) patients a high TMB and the presence of the 4

gene driver signature is a positive prognostic marker for survival with ICI therapy, but with a

low TMB the prognosis is worse. In both groups the difference is clinically (and statistically)

significant.
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Supplementary Methods

Figure S1. Mutational signature decomposition old and young melanoma samples from
TCGA.

Figure S2. Summary of the types and frequencies of mutations in metastatic melanoma
samples from old or young patients in TCGA.

Figure S3. OncodriveCLUST analysis of metastatic melanoma in age <55.
Figure S4. Overall survival in metastatic melanoma in TCGA.

Figure S5. Correlation between age and TMB across in the TCGA and MSK-IMPACT
cohorts.

Table S1. Full clinical details of the patients included in the analysis of the elderly (age >= 60)
A and B primary melanoma cohorts.

Table S2. Multivariate regression using a cox proportional hazards model.
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Supplementary Methods

The exploratory analysis of the effect of age and mutations on survival were undertaken in the
TCGA dataset for metastatic patients age >59 vs <=55. The cohorts of primary melanomas
>59y0 were from A cohort (n=109 patients) and B cohort (n=30 patients, Table 1,
Supplementary Table S1). The effect of mutations and tumor mutation burden in
immunotherapy-treated patients was investigated in the MSK-IMPACT study (n=181 patients

>59yo (Samstein et al.)).

The exploratory phase of this analysis was conducted using data from the Cancer Genome
Atlas (TCGA) (Akbani et al. 2015; Weinstein et al. 2014) and online

(https://www .cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga).

To minimise bias in the data only metastatic melanoma samples were used for this exploration.
Clinical and genetic mutation data for all patients with metastases at age >59 or <=55 were
included. These experimental age cut-offs were decided a priori to obtain more clear-cut young
and old age categories; and to ensure that this did not introduce an undue bias we further
analysed the data using a simple <59 vs >60 cut-off and a wide interval of <50 vs >70. In both
situations the survival in the older age group remained statistically significantly poorer with
increasing magnitude as the gap widened. The Stage data in Table 1a in TCGA refers to the
stage at diagnosis, but significant numbers of stage 1/2 patients went on to develop metastases

in this cohort, and the sequencing data in TCGA was derived from those metastases.

To validate the findings from the exploratory analysis we studied clinical and sequencing data
collected as part of rigorous clinical research programs from two separate, unrelated studies in
cohort A: La Timone University Hospital, (Aix Marseillle, France) and cohort B: Instituto
Valenciano de Oncologia (Valencia, Spain) using well established methodology (Gaudy-

Marqueste et al. 2014). Relevant institutional review boards and ethics committees at both
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institutions in both countries approved molecular research and all human participants gave
written informed consent. The validation cohorts are unselected, clinical cases prospectively

collected without specific targeted gene signatures planned to minimise confirmation bias.

Both cohorts had comprehensive clinical outcome data (supplemental table S1) and both were
subjected to targeted deep sequencing at a depth of x100 of 40 melanoma genes from primary
melanoma samples. The melanoma panel includes genes found mutated. in >10% of TCGA

samples or genes mutated in less than <10% of samples that are known cancer drivers,

including BRAF, NRAS, CDKN2A and IDH1 .

Exomes were captured with Agilent SureSelect ALL Exon (V6, V6+UTRs r2) and sequenced
on Illumina HiSeq 2000. Sequences were aligned with Burrow-Wheeler Alignment (BWA
0.7.15) with MEM option onto human reference genome, hg19. Base quality was measured
with GATK 3.7 tools BaseRecalibrator and PrintReads. Samtools used for variant calling.
Somatic mutations were annotated with Oncotator 1.9.0.0. Somatic variants were detected
using MuTect2 (GATK 3.7) in the A cohort, and with VarScan 2 in the B cohort. Both sets of

variants were filtered to eliminate common germline variants.

The data in Table 1 show the median and range TMB of elderly melanoma samples, which
demonstrate overlapping ranges with TCGA samples. Critically, the proportion of the 4-gene
driver mutations in the primary tumour B cohort is not statistically different (p=0.09) to the A
validation cohort. The 4-gene signature is significantly less frequent in the primary cohorts (p=
0.0008 B cohort, p=0.048 A cohort) than in the metastatic melanoma TCGA cohort, as you
would expect for unselected populations of primary melanoma that are not enriched for
samples with poor prognosis. However, when compared only in the elderly subgroups the

proportions are not significantly different between any of the cohorts (p>0.1 in all comparisons)
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These three cohorts represent distinct populations of tumours at varying stages of disease. The
metastatic tumours in TCGA are from more advanced cancers than the primary cohorts in the
validation set, and the 4-gene DNA signature is enriched as these patients represent a poor
outcome, metastatic group per se. The two primary cohorts are relatively smaller and the
heterogeneity of cancer progression and signature within them is likely to be a consequence of

this smaller sample size.

e Regression modelling

Regression modelling of survival in the metastatic melanoma (TCGA) cohort was conducted
using Cox proportional hazards modelling in R implemented in the Survival package. We
started with a full model including the following clinical characteristics: age (continuous), sex
(binary), patient weight (continuous), Breslow tumour thickness of original primary tumour
(continuous) and somatic variant count (log continuous — see below). We initially tested all
possible interactions and found no statistically significant interaction effects in this model. To
derive the minimum model, we excluded the least statistically significant variable at each step
until a minimum model was achieved in which all variables were significant (p<0.05)
(supplemental table S2). The variables were excluded in the following order: Weight, Sex,
Breslow, variant count. Finally, each excluded variable was added back into the model and
checked to ensure that they remained non-significant. To explore the effects of variant count
in the model we ran the above sequence initially with variants as a log continuous variable, and
then as a binary (high/low) variable with a series of cut-off values (25, 50, 100, 110, 150, 150,
500). Of these only 100 and 110 showed a significant impact in the final model and both were
less significant than age in those cases. This finding is consistent with a previous published

model from this cohort. All relevant analytic code is available from the authors upon request.

o Identification of driver genes
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To test the hypothesis that melanoma development in older patients is driven by accumulation
of mutations in specific risk genes, we analysed the mutation data using the oncodriveCLUST
algorithm (Tamborero et al. 2013) as implemented in the maftools package in R to discover
the key driver mutations. This algorithm is a powerful and well-described method validated in
the literature and has been used extensively to successfully identify driver mutations/genes in
numerous cancer contexts. OncodriveCLUST considers the background mutation rate, gene
length and the clustering characteristics of mutations identified in order to derive a confidence
value for labelling a gene as a driver as opposed to a passenger. We make no claims regarding
function or mechanistic biology behind these mutations but used this bioinformatic tool as a
discriminator to identify genes that are likely to be important in the older patient population,

but not the younger one. All relevant analytic code is available from the authors upon request.

e Gene expression

For the TCGA data, differential gene expression analysis was performed using the DESeq2
(version .28.1) (Love et al. 2014) package in R (version 4.0.0, RStudio v1.2.5003, RStudio
Inc). RNA-seq count data for the TCGA SKCM cohort was acquired using the TCGABiolinks
package (version 2.16.0 (Colaprico et al. 2015)). The count dataset was filtered to remove any
genes that had less than 1000 counts across all samples. Differential expression analysis was
run between long term and short-term survivors in the aged (>59 years) metastatic cohort.
Long-term survivors were defined as any patient whose overall survival time was 2000 days
or greater, and these were compared to patients who died before 2000 days. For pathway
enrichment analysis genes that were significantly differentially expressed (FDR p-value < 0.1)
were compared against the Reactome Database (Jassal et al. 2020) using the Molecular

Signatures Database v7.0 (Msigdb, Broad Institute, https://www.gsea-

msigdb.org/gsea/msigdb/index .jsp).
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The Lund cohort comprises microarray expression data (Gene Expression Omnibus
GSE65904) of 214 melanomas(Cirenajwis et al. 2017), of which 66 are metastatic, with long
term survival data. We tested the differential expression analysis between long term and short-
term survivors in the aged cohort as described above. Analysis was performed using the Limma
package (version 3.44.1) in R. MCPCounter packaged was used as above to generate cell
population scores for each tumor. Where a marker gene had more than one probe quantified on
microarray, the most abundantly expressed transcript was used in MCPCounter, that is the

probe that had the highest mean value across all samples(Ritchie et al. 2015).

e Cell populations

Cell population scores were generated using the MCPCounter R package (version 1.2.0 (Becht
et al. 2016)) in the TCGA SKCM RSEM normalised RNA-seq expression data. CD8 T cell
scores were compared between long term and short-term elderly metastases using a Mann-

Whitney test in GraphPad Prism (version 7.01).

e Response to Immunotherapy

To investigate the effects of the driver genes and tumor mutation burden in immunotherapy
treated patients data from the MSK-IMPACT study (Samstein et al.) was downloaded from the
cBioPortal database (http://www .cbioportal.org/study/summary?id=msk_impact_2017) and
reanalyzed. The melanoma cohort included 320 patients, 181 of whom were older than 59 at
diagnosis, all of whom had been treated with immunotherapy agents and whose sequencing
data included the mutation status of the four driver genes. The sequencing methodology and
analysis pipeline for these samples is described in the previous relevant literature (Zehir et al.
2017). To determine high vs low tumor mutation burden in this cohort we investigated the
centile groupings within the melanoma group and used the third decile (i.e. those in the highest

30% tumor mutation burden) as high. As did the original MSK-IMPACT authors, we tested a
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range of deciles (as per supplemental data appendix of the original publication (Samstein et
al.)). We tested all deciles and found that 30% was the inflection point at which the response
curve separation began to accelerate. Any cutoff from 30% to 10% results in significance (with
increasing magnitude as the cutoff becomes more stringent) — we chose a cutoff at 30%, that
included as many patients as possible.

Data and materials availability

All data used are either public, or (for patient-level data) available without restriction in
anonymized form from the authors. The analytical code used is available from the authors

without restriction except to anonymize patient identifiable information.
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Figure S1. Mutational signature decomposition old and young melanoma samples from
TCGA. The vast majority of the mutational contribution comes from UV damage, with minor
contributions that differ between the two groups.
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Figure S2
Variant Summary
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Figure S2. Summary of the types and frequencies of mutations in metastatic melanoma
samples from old or young patients in TCGA. Older patients harbour greater numbers of
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mutations in all categories, but the relative proportions of types of mutations are similar

between the groups.

Figure S3
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Figure S3. OncodriveCLUST analysis of metastatic melanoma in age <55 showing 11 driver

genes and their clusters in brackets.
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Figure S4. Overall survival in metastatic melanoma in TCGA. Upper plot shows the

predictive effect of mutations in any of the 18 identified driver mutations in the elderly, the
lower plot show the same for the 11 driver mutations in young melanoma.
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Figure S5
TMB centile within tumor by age group (MSK-IMPACT)
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Figure SS. Correlation between age and TMB across in the TCGA and MSK-IMPACT
cohorts.
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Supplementary tables
Table S1
Cohort A (n =103) Cohort B (n = 30)
Variable N % N %
Gender: Male 55 53.4 15 50
Primary site
Head&neck 12 11.7 5 16.7
Upper extremities 16 15.5 3 10
Trunk 44 42.7 7 23.3
Lower extremities 26 25.2 4 13.3
Acral 0 0 9 30
Mucosal 5 4.9 2 6.7
Histological type
LMM 0 0 4 13.3
SSM 60 58.3 12 40
NM 34 33 6 20
ALM 4 3.9 6 20
Others 5 4.9 2 6.7
Breslow
<2 mm 33 32.0 13 43.3
>2 mm 70 68.0 17 56.7
Ulceration
Present 37 35.9 17 56.7
Absent 64 62.1 13 43.3
Tumor mitotic rate NA: 20
0 mit/mm? 6 20
<1 mit/mm? 25 24.3
1-5 mit/mm? 11 36.7
>1 mit/mm? 58 56.3
>5 mit/mm? 13 43.3
Sentinel lymph node status
Negative 7 23.3
Positive 6 20
Not identified 1 3.3
Not assessed 16 53.3
AJCC 7 pathological stage
I 35 34.0 12 40
Il 48 46.6 8 26.7
1] 18 17.5 10 33.3
\Y; 2 1.9
TCGA Primary cutaneous melanoma (n=104)
Age (median years, range) 65 (24-90)
Breslow (median mm, range) 10 (1-75)
Ulceration N ( %) 77/90 (85.6)
Follow up (median months, range) 14.7 (0-59.5)
Mortality N (%) 30/104 (28.8)

Table S1. Full clinical details of the patients included in the analysis of the elderly (age >=
60) A and B primary melanoma cohorts and TCGA primary melanoma cohort.
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Iteration 1
(n=184, events: 85)

Iteration 2
(n=184, events: 85)

Iteration 3
(n=231, events: 103)

Iteration 4
(n=287, events: 125)

Hazard p-value | Hazard | p-value Hazard p-value Hazard p-value
ratio ratio ratio ratio
Age <55 0.49 0.004 0.49 0.004 0.50 0.001 0.52 0.001
AJCC IV 3700 10 3700 10 5.1 0.027 4.79 0.032
Log (TMB) 0.99 0.40 0.99 0.40 1.0 048
Breslow 10 0.06 10 0.06
Male sex 1.0 0.96

Table S2. Multivariate regression using a cox proportional hazards model. Non-significant

variables sequentially eliminated from the model during iterative process
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